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2ABSTRACT
Macrophages are involved in the primary human response to Candida albicans. After 
pathogen recognition signaling pathways are activated, leading to the production of 
cytokines, chemokines and antimicrobial peptides. ATP binding proteins are crucial for 
this regulation. Here, a quantitative proteomic and phosphoproteomic approach was 
carried out for the study of human macrophage ATP-binding proteins after interaction 
with C. albicans. From a total of 547 non-redundant quantified proteins, 137 were ATP 
binding proteins and 59 were detected as differentially abundant. From the differentially 
abundant ATP-binding proteins, 6 were kinases (MAP2K2, SYK, STK3, MAP3K2, 
NDKA and SRPK1) most of them involved in signaling pathways. Furthermore, 85 
phosphopeptides were quantified. Macrophage proteomic alterations including an 
increase of protein synthesis with a consistent decrease in proteolysis were observed. 
Besides, macrophages showed changes in proteins of endosomal trafficking together 
with mitochondrial proteins, including some involved in the response to oxidative 
stress. Regarding cell death mechanisms an increase of anti-apoptotic over pro-
apoptotic signals was suggested. Furthermore, a high pro-inflammatory response was 
detected, together with no upregulation of key mi-RNAs involved in the negative 
feedback of this response. These findings illustrate a strategy to deepen the knowledge 
in the complex interactions between the host and the clinically important pathogen C. 
albicans.  
Keywords: macrophages, Candida albicans, proteomics, SILAC, ATP binding proteins
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3INTRODUCTION
Candida albicans is a human opportunistic pathogen and a common commensal fungus 
of the mucosa from many healthy patients. Most potentially lethal invasive infections 
occur in immunocompromised patients, such as those infected with HIV or individuals 
with neutropenia owing to immunosuppressive treatments for cancer or organ 
transplantation.1 Infections caused by Candida spp have high levels of morbidity and 
mortality particularly in critically ill patients that may be attributed to the difficulty in 
the early diagnosis of Candida infections and an appropriate antifungal therapy. 2 A 
recent epidemiologic study in Spain described a 30% of global mortality in the 705 
documented cases of invasive candidiasis, and C. albicans was the most frequently 
isolated species, although an increase in non-C. albicans species has been observed.3.2 
Macrophages, which are derived from monocytes circulating in the blood, are 
constantly patrolling tissues and non-sterile interfaces at the surfaces of epithelia, and 
are one of the key cells in the immune recognition and innate immune response 
to C. albicans.1 These cells recognize and phagocyte C. albicans, eliciting innate 
immune responses through engagement of different pattern recognition receptors 
(PRRs) in an infection-stage specific manner.4 Mainly, PRRs are composed of three 
groups: Toll-like receptors (TLRs), C-type lectin receptors (CLRs) and nod-like 
receptors (NODs). These PRRs, which include multiple cell-bound receptors (such as 
TLR2 and 4, Dectin-1 or Mannan Receptor), soluble receptors (like galectin-3), and 
intracellular receptors (like TLR 9), activate several signal transduction pathways, 
which finally lead to the upregulation of costimulatory molecules and the production of 
inflammatory cytokines, chemokines, antimicrobial peptides, and type I interferons 
(IFNs).5 Our research group identified new differentially abundant proteins in C. 
albicans-stimulated RAW 264.7 macrophages using proteomic approaches.6-7 
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4Differentially abundant proteins were suggested to have pro-inflammatory and anti-
apoptotic effects.6-7 Another study on human M1 (classically activated, pro-
inflammatory subtype) and M2 (alternatively activated, anti-inflammatory subtype) 
macrophages showed that the biggest differences between them were related to 
cytoskeletal rearrangement and metabolic routes8. Other studies analyzed the interaction 
between macrophage and Candida using proteomic approaches, and found proteins 
involved in energy metabolism, cell survival and candidates for interaction-specific 
molecules.9-10 
Adenosine triphosphate (ATP) can bind to a group of proteins known as ATP-binding 
proteins. ATP-binding proteins were previously studied to elucidate molecular 
mechanisms in cancer, identify proteins that can be therapeutic targets for the 
development of novel antibiotics, and profile plant proteomes.11-14 However, their role 
is still poorly understood during different infection scenarios. This group of proteins 
include kinases, heat shock proteins as well as ATPases, and are crucial in several 
cellular processes, such as cell signaling, protein synthesis and metabolism.15 Despite 
the importance of these proteins in those pivotal cellular functions, proteomic studies of 
ATP-binding proteins by MS are still a challenge mainly due to the fact that some ATP-
binding proteins are present at very low cellular concentrations.16 The combination of 
MS instrumentation with powerful separation techniques or selective enrichment of 
these proteins and bioinformatics tools can help in the identification and quantification 
of low abundant proteins in complex samples.11 Several procedures for selective 
enrichment of ATP binding proteins and kinases have been developed11, 17-20, including 
a a probe-based technology that uses biotinylated acyl phosphates of ATP or adenosine 
diophosphate (ADP) that irreversibly react with protein kinases on conserved lysine 
residues in the ATP binding pocket.21 These probes covalently label the active site of 
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5ATPases, including chaperones and metabolic enzymes, to enable their selective 
enrichment using a desthiobiotin tag. The combination of metabolic labelling, such as 
stable isotope labeling by amino acids in cell culture (SILAC), with affinity enrichment 
was proven previously to be useful for quantification of subproteomes of interest.22-23 
Moreover, protein post-translational modifications (PTMs) play a crucial role in the 
regulation of several biological processes, such as cell signalling, immune response, 
recognition of pathogens, among others. More than 300 types of protein PTMs are 
known to occur physiologically within living organisms. From these PTMs, the 
phosphorylation is highly important during signal transduction and it is believed that 
more than 30% of the proteins can be phosphorylated.24 
A better understanding of the immune response during fungal infection may help in the 
development of new improved therapies in the future. We are particularly interested in 
unravelling new regulatory mechanisms activated by macrophages after interaction with 
C. albicans. Here, we study the abundances and phosphorylation levels of ATP-binding 
proteins in human macrophage cells after interacting with C. albicans. For that, SILAC 
was used to differentially label proteomes obtained from control macrophages and 
macrophages after interaction with C. albicans. The combined cell lysates were 
subjected to ATP-binding protein enrichment and a quantitative proteomic and 
phosphoproteomic approach was used to analyze the enriched extracts. 
MATERIALS AND METHODS
C. albicans strain
The C. albicans SC5314 strain was used in this study. This strain was grown in YPD 
plates (2% glucose, 1% yeast extract, 2% peptone and 2% agar) at 30ºC.
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6THP-1 cell culture and macrophage differentiation 
The human acute monocytic leukemia cell line (THP-1) was cultured in Dulbecco’s 
modified eagle’s (DMEM) medium supplemented with antibiotics (penicillin 10000 
U/ml-streptomycin 10000U/ml), 2 mM L-glutamine and 10% heat-inactivated fetal 
bovine serum (FBS) at 37°C in a humidified atmosphere containing 5% CO2. THP-1 
cells were seeded in 24-well plastic plates at a density of 1x106 cells/well in complete 
medium and treated with a final concentration of 30 ng/ml phorbol 12-myristate 13-
acetate (PMA; Sigma-Aldrich) for 48 h to induce maturation toward adherent 
macrophage-like cells. After 48 h cultures, the medium containing PMA was replaced 
with fresh medium without PMA to remove unattached cells. 
C. albicans-macrophage co-culture
For interaction studies, THP-1 macrophages were incubated with C. albicans cells that 
were grown in YPD plates the day before, at multiplicity of infection (MOIs) of 1 and 5, 
and for different time points depending on the assays. 
Environmental scanning electron microscopy (ESEM)
ESEM was performed as previously detailed.25 After macrophage interaction with C. 
albicans, cells were washed in PBS containing 2.5% paraformaldehyde for 1 h at room 
temperature. They were incubated in 2% osmium tetroxide for 1 h and then in 2% tannic 
acid for 1 h. Cells were dehydrated in ethanol. They were examined at the FEI 
INSPECT microscope at the Museo Nacional de Ciencias Naturales (Madrid, Spain).
Cytokine determination 
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7For cytokines measurements, macrophages from the THP-1 cell line were incubated 
with or without C. albicans cells at an MOI of 1 for 3, 6 and 8 h. As a positive control, 
macrophages were treated with lipopolysaccharide (LPS; 100ng/ml). Supernatants from 
untreated, LPS- or Candida-treated THP-1 macrophages were tested for cytokine 
production by ELISA using matched paired antibodies against different interleukins: IL-
1β IL6, IL-12p40 and TNF-α (Immunotools), according to manufacturer’s instructions. 
Cytokine production was measured in three independent macrophage preparations. 
C. albicans phagocytosis assay
C. albicans yeast cells were pre-labelled with 1 µM Oregon green 488 (Molecular 
Probes) in the dark with gentle shaking at 30°C for 1 h. THP-1 macrophages were 
differentiated in 18-mm glass sterile coverslips placed into 24-well plates and 
confronted with the yeast cells at a MOI of 1, at 37ºC and 5% CO2. Interaction was 
stopped after 45 min, 1.5 h and 3 h, and cells were then washed with ice-cold PBS and 
fixed with 4% paraformaldehyde for 30 min. To distinguish between internalized and 
attached/non-ingested yeasts, C. albicans cells were counterstained with 2.5 M 
Calcofluor white (Sigma) for 15 min in the dark. After several washes, coverslips were 
mounted with specific mounting medium (Southern Biotech). The number of ingested 
cells (green fluorescence) and adhered/non-ingested (blue fluorescence) were calculated 
by fluorescence microscopy.26 Three different replicates with two different slides were 
prepared for each time point. At least 500 C. albicans cells were scored per slide, and 
results were expressed as the percentage of yeast cells internalized by macrophages.
Macrophage cell damage assay
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8In order to evaluate the C. albicans damage in the THP-1 cell line macrophages, the 
cytotoxicity detection kit (Roche) was used. This assay is based on the measurement of 
lactate dehydrogenase (LDH) activity released from the cytosol of damaged cells. 
Macrophages were cultured in 24-well plates as stated above, and C. albicans cells were 
incubated with them in a MOI of 1 and 5 at 37ºC and 5% CO2. The selected time points 
of measurements were 3 and 6 h. After these time points, the supernatants of the cells 
were removed for LDH measurement. The assay was performed according to 
manufacturer’s instructions.
Macrophage cell line culture and SILAC labelling
THP-1 monocytes were grown in DMEM containing 10% dialyzed fetal bovine serum 
(FBS): i.e., either in light DMEM, containing 100 mg/l unlabeled L-arginine (Arg0) and 
50 mg/l L-lysine (Lys0), or in heavy DMEM, containing 100 mg/l  Arg6 (Silantes, 13C 
labelled Arginine. HCl) and 50 mg/l Lys6 (Silantes, 13C6 labeled L-Lysine .HCl). After 
5 cell doublings, protein lysates of the macrophage cells were analyzed by MS to ensure 
that all proteins were labelled. Differentiation of monocytes into macrophages was 
triggered by the addition of PMA. Approximately, 20x106 cells were plated in 150-mm 
culture dishes and 30 ng/ml PMA was added, cells were incubated for two days to 
achieve complete differentiation. PMA was removed by washing the cells with light and 
heavy DMEM medium, respectively. 
Fungal infection for shotgun quantitative proteomics
C. albicans cells were counted using the Neubauer chamber, and 20x106 cells were 
incubated with the macrophages (MOI of 1) for 3 h. In order to diminish the possible 
effect of the labelling procedure, in two biological replicates control macrophages were 
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9labelled with light DMEM and macrophages upon interaction were labelled with heavy 
DMEM, while in the other two biological replicates this labelling was switched over. 
The extracted proteins came from the same number of macrophage cells in control and 
interaction conditions. In each experiment, both labelled and unlabeled lysates were 
mixed in protein concentration ratios of 1:1. 
Preparation of the protein samples for shotgun proteomics
 Cell lysis
After the incubation time, cells were washed twice with ice-cold PBS, and 1 ml of cold 
modified radioimmunoprecipitation assay (RIPA) lysis buffer (150 mM sodium 
chloride; 50 mM Tris-HCl pH 7.5; 1% NP40; 0.25% sodium deoxycholate; proteases 
inhibitors (1:1000, PierceTM); 1 mM sodium orthovanadate; 5 mM sodium fluoride; 5 
mM β-glycerolphosphate and 5 mM sodium pyrophosphate) was added. Cells were 
scrapped thoroughly. Then, the cell lysate was placed on ice for 5 min, vortexed for 
another 5 min, and centrifuged at 15,000 rpm for 10 min and 4ºC. The supernatant, 
containing the macrophage protein extract, was removed and transferred to a new tube. 
Protein concentration was measured using the Bradford assay. 
Kinase enrichment with ATP probes
Protein lysates were enriched in kinases using ActivX desthiobiotin ATP probes 
(Thermo Scientific), according to manufacturer instructions with some alterations. 
Briefly, protein lysates were desalted using Zeba spin desalting columns to remove 
endogenous ATP. Then, lysates were eluted in reaction buffer and supplemented with 
protease inhibitors. Protein concentration was determined again by the Bradford assay. 
For labelling with the ATP probes, 2 mM MgCl was added to 2 mg of protein lysate and 
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10
incubated with 20 μM of ActivX probe in a final volume of 500 μl for 30 min at room 
temperature with constant mixing. Then, 500 μl of 12 M urea in lysis buffer were added 
to the lysate to stop the reaction. Samples were then incubated with 125 μl of high-
capacity streptavidin agarose resin for 1.5 h at room temperature with constant mixing. 
Beads were collected by centrifugation at 1000g for 1 min and washed twice with 4 M 
urea in lysis buffer. Finally, proteins were eluted by adding Laemmli reducing sample 
buffer and boiling for 5 min. 
In-gel digestion 
Samples in Laemmli sample buffer were loaded into a 1.5 mm thick SDS-PAGE gel 
with a 4% stacking gel casted over a 10% resolving gel. The run was stopped as soon as 
the front entered 3 mm into the resolving gel so that the whole proteome became 
concentrated in the stacking/resolving gel interface. Bands were stained with colloidal 
Coomassie Brilliant Blue staining. Gels were cut into 12 to 15 slices for protein 
digestion.27 In-gel digestion was carried out as described.28 Briefly, gel slices were cut 
into pieces of 1 mm3 in size and washed with water. Proteins were reduced with 10 mM 
DTT in 25 mM ammonium bicarbonate for 30 min at 56°C and then alkylated with 55 
mM iodoacetamide in 25 mM ammonium bicarbonate for 15 min at 30°C. Acetonitrile 
(ACN) and vacuum centrifugation were applied to dry the gel pieces. They were then 
rehydrated with 60 ng/μl trypsin (proteomics grade; Roche Applied Science) in 25 mM 
ammonium bicarbonate for 45 min at 4°C. The trypsin solution was removed, and the 
rehydrated gel pieces were overlaid with 25 mM ammonium bicarbonate. The digestion 
was performed overnight at 37°C. After digestion, the supernatant was recovered. 
Peptides were extracted from the gel pieces with 30% ACN and 0.1% trifluoroacetic 
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11
acid (TFA) for 30 min at room temperature. Peptides were desalted onto C18 OMIX 
cartridges and dried-down.
Sequential elution from immobilized metal affinity chromatography 
(SIMAC) for phosphopeptide enrichment
A total of 300 µg of the protein lysate enriched in ATP-binding proteins was used for 
phosphopeptide enrichment. Both immobilized metal affinity chromatography (IMAC) 
and titanium dioxide (TiO2) chromatography were performed as previously described7 
and summarized below.
For each 100 μg of peptides, 40 μl of iron-coated PHOS-selectTM metal chelate beads 
(Sigma-Aldrich) were used. Beads were washed twice in loading buffer (0.1% TFA and 
50% ACN), and incubated with 500 μg of peptide mixture in loading buffer for 30 min 
at room temperature in vibrating shaker. Then, beads were packed in the constricted end 
of a 200 μl GELoader tip by application of air pressure with a syringe, forming an 
IMAC column. The flow-through was collected for further analysis by TiO2 
chromatography. The IMAC was then washed with loading buffer, which was added to 
the flow-through. Both monophosphorylated peptides and contaminating non-
phosphorylated peptides were eluted using acidic elution solution (1%TFA and 20% 
ACN) and the multiply phosphorylated peptides were eluted using basic elution solution 
(0.5% ammonia). The IMAC flow-through and both eluents were dried in a vacuum 
concentrator. A TiO2 microcolumn was prepared by stamping out a small plug of C18 
material from a C18 extraction disk and placing the plug in the constricted end of a 200 
μl GELoader tip. The TiO2 beads were first suspended in loading buffer (1 M glycolic 
acid in 5% TFA and 80% ACN) and then mixed with the sample and incubated for 15 
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12
min with constant mixing. This mixture was centrifuged and 90% of the supernatant 
was removed to minimize the volume introduced in the microcolumn. The sample was 
applied to the tip and the TiO2 column was packed by the application of air pressure 
with a syringe. The column was washed with loading buffer and subsequently with 
washing buffer (80% ACN and 5% TFA). The phosphopeptides bound to the TiO2 
microcolumn were eluted using 30 μl of 0.5% ammonia followed by elution using 1 μl 
of 30% ACN to elute phosphopeptides bound to the C18 disk. Then, the eluent was 
acidified by adding 5 μl of 100% formic acid and dried in the vacuum concentrator. 
MS analysis 
Peptides were trapped onto a C18 SC001 2-cm precolumn (Thermo-Scientific), and 
then eluted onto a NS-AC-11 dp3 BioSphere C18 column (75 μm inner diameter, 15 cm 
long, 3 μm particle size; NanoSeparations) and separated using a 140 min gradient (0-
40% buffer B for 120 min; 40%-95% buffer B for 15 min, and 95% buffer B for 5min; 
buffer A: 0.1% formic acid/2%ACN; buffer B: 0.1% formic acid in ACN) at a flow-rate 
of 250 nL/min on a nanoEasy HPLC (Proxeon) coupled to a nanoelectrospay ion source 
(Proxeon). Mass spectra were acquired on a LTQ-Orbitrap Velos mass spectrometer 
(Thermo-Scientific) in the positive ion mode. Full-scan MS spectra (m/z 300–1,900) 
were acquired in an Orbitrap at a resolution of 60,000 at 400 m/z and the 15 most 
intense ions were selected for collision induced dissociation (CID) fragmentation in the 
linear ion trap with a normalized collision energy of 35%. Singly charged ions and 
unassigned charge states were rejected. Dynamic exclusion was enabled with exclusion 
duration of 30 s.
Protein/peptide identification and quantification
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13
Mass spectra raw data files were searched against the SwissProt human database version 
57.15 (20,266 protein entries) using MASCOT search engine (version 2.3, Matrix 
Science) through Proteome Discoverer (version 1.4.1.14; Thermo Fisher). Search 
parameters included a maximum of two missed cleavages allowed, 
carbamidomethylation of cysteines as a fixed modification, and oxidation of 
methionine, desthiobiotinylation of lysine, 13C-arginine and 13C-lysine as variable 
modifications. Precursor and fragment mass tolerance were set to 10 ppm and 0.8 Da, 
respectively. Identified peptides were validated using Percolator algorithm with a q-
value threshold of 0.01. Peptide quantification from SILAC labels was performed with 
Proteome Discoverer v1.4 using node precursor ion quantification. For each SILAC 
pair, the area of the extracted ion chromatogram was determined and the “heavy/light” 
ratio computed. Ratios were normalized by the median of all peptides ratios in each 
biological replicate. Media and standard deviation were calculated for each peptide. 
Protein ratios were then determined as the median of all the quantified peptides 
belonging to a certain protein. The quantification was analyzed at the peptide level, and 
peptide ratios were manually evaluated. Peptides that presented discrepant values inside 
each protein were discarded as soon as this elimination did not change the trend of the 
ratio presented, and the standard deviation was improved. By this way, an increase in 
the coverage of the quantified proteins was achieved.
Regarding phosphorylation, the variable modification of phosphorylation (STY) was 
added for peptide identification. The PhosphoRS node was used to provide a confidence 
measure for the localization of phosphorylation in the peptide sequences identified with 
this modification. The phosphorylation sites were manually corrected based on the 
PhosphoRS localization probability for a given residue. The phosphorylation sites 
assigned with a localization percentage <75% were considered ambiguous. In addition, 
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14
if the percentage was >75% but different in the biological replicates were also 
considered ambiguous. The phosphopeptides were treated similarly as in quantitative 
analysis with the exception that the quantification was performed only at peptide level. 
Mass spectra raw data files (both quantitative and phosphorylation files) were also 
searched against the SwissProt human database for the discovery of possible missing 
proteins.
To make our findings publicly available and accessible to the community, we have 
deposited our dataset in ProteomeXchange Consortium via the PRIDE partner 
repository with the dataset identifier PXD009938. 
Western blotting 
Protein lysates were obtained as stated above but without cell labelling, and used for the 
proteomic validation assays. Forty µg of protein lysate were loaded in each well of a 
10% SDS-PAGE gel and electrophoretically separated. After this, the proteins were 
transferred onto nitrocellulose membranes (Hybond-ECL; GE Healthcare). The 
membranes were blocked with 5% skinny milk in PBS for 2 h, and incubated with 
primary antibodies, including anti-PRDX5 (Abcam) (1/125), anti-MEK2 (Cell 
Signaling Technology) (1/500), anti-cleaved caspase-3 (Cell Signalling Technology) 
(1/1000), anti Erk-1/2 (Cell Signaling Technology) (1/1000), or anti-Tubulin-α 
(Serotec) (1/1000), anti P-Erk1/2 (Cell Signalling Technology) (1:1000) for 18 h at 4ºC. 
The membranes were washed 4 times with PBS containing 0.1% Tween-20 and 
incubated with IRDye® secondary antibodies for 1 h (1/4000 IRDye 800CW goat anti-
mouse IgG, IRDye 680LT goat anti-mouse IgG, IRDye 800CW goat anti-rabbit IgG or 
IRDye 680LT goat anti-rabbit IgG, as appropriate). Membranes were then washed four 
times with PBS containing 0.1% Tween-20. Odyssey system (LI-COR ®) was used to 
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detect the fluorescence signals. Protein abundance was compared between control and 
infected macrophages and values were given as arbitrary fluorescence units. Detection 
of tubulin-α was used as a loading control. 
Selected reaction monitoring (SRM)
The abundance of the protein NDKA was quantified using SRM. A proteotypic peptide, 
which is a peptide unique to the target protein and easily detectable by mass 
spectrometry was selected for protein quantification.29 The selected peptide was 
FMQASEDLLK because it was quantified in the shotgun approach and reached several 
criteria necessary for SRM. These criteria were as follows: it should be proteotypic and 
easy to synthesize and have moderate hydrophobicity. Unpurified isotopic labelled 
peptide was obtained from JPT Peptide Technologies GmbH. Skyline software (Seattle 
Proteome Center) was used for the optimization of SRM methodology and for the 
analysis of the resulting MS data. Protein lysates were obtained as stated above, but 
without labelling the cells, enriched using ATP-probe and digested as previously shown. 
These SRM experiments were performed on a Q-TRAP ® 5500 LC-MS/MS system 
(AB Sciex). Both peaks from the endogenous and heavy peptides were evaluated 
manually. The area ratio (endogenous peptide area divided by heavy peptide area) was 
compared in both conditions (control and interaction). Three biological replicates and at 
least 2 technical replicates were performed.
Bioinformatic analysis of the differentially abundant proteins
Gene ontology (GO) enrichment analysis was performed using Genecodis 
(http://genecodis.cnb.csic.es/)30-32 and Panther (http://pantherdb.org/) web tools. For GO 
analysis, statistical significance was set at p-value < 0.05. STRING software version 
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10.0 (http://string-db.org) was used for the study of the protein-protein interactions.33 
Ingenuity Pathway Analysis (IPA) (QIAGEN Bioinformatics) was used both for the 
prediction of possible upstream regulators and for network analysis.
Quantitative RT-PCR 
RNA was isolated using the microRNeasy mini kit (QIAGEN) according to the 
manufacturer’s protocol. Samples were quantified by Nanodrop 2000C (Thermo Fisher 
Scientific) and the presence of small RNA was confirmed using the Bioanalyzer 2100 
(Agilent). Total RNA was reverse transcribed using Taqman microRNA reverse 
transcription kit (Thermo Fisher Scientific) and 10 ng of total RNA from each sample. 
Quantitative real time polymerase chain reaction (RT-PCR) for miRNA was performed 
using TaqMan microRNA assays (Thermo Fisher Scientific) following the 
manufacturer’s instructions. U6 snRNA was used as an endogenous control, and the 
microRNAs (miRNAs) analyzed were mmu-miR-124a, hsa-miR-146a, hsa-miR-155 
and hsa-miR-21. 
Statistical analysis 
In the SILAC experiment, the protein abundance ratio was the amount of protein in the 
macrophages upon interaction with C. albicans divided by the amount of protein in the 
control macrophages (without interaction with C. albicans). The log2-transformed mean 
macrophage protein abundance ratios upon C. albicans interaction were stratified into 
seven quantiles according to their distribution in the sample: Q1 (the lower extreme 
values), Q2 (the lower outlier values), Q3 (the smaller values that extended to 1.5 times 
the lower quartile or 25th percentile), Q4 (the interquartile range, i.e. 25th to 75th 
percentiles), Q5 (the larger values that extended to 1.5 times the upper quartile or 75th 
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percentile), Q6 (the upper outlier values), and Q7 (the upper extreme values). The first 
and seventh quantiles comprised those macrophage proteins that had the lowest and 
highest relative abundance ratios, respectively, upon interaction with C. albicans. The 
same analysis was performed for phosphorylated peptides. All quantitative data were 
presented as mean ± standard deviation (SD). 
For Western blotting, cytokines and SRM assays, comparisons between two groups 
were performed by the Student’s t-test. Statistical significance was defined as * for p-
value <0.05, ** for p-value <0.001 and *** for p-value <0.0001. Three biological 
replicates were performed for Western blotting and SRM-based validation assays, with 
exception of cleaved-caspase Western blotting that was performed with two biological 
replicates. 
The mi-RNA expression level was calculated using ΔΔCt formula.34 The results were 
represented using the relative fold-change expression compared to the control, where 
the control values were considered a value of 1. Four biological replicates were used in 
this assay.
For all the assays, conditions were tested with Student’s t-test. A p-value lower than 
0.05 was considered statistically significant. 
RESULTS
THP-1 macrophages and C. albicans co-culture
The optimal conditions were set up to characterize differentially abundant proteins from 
human macrophages upon C. albicans infection. The damage of C. albicans in the THP-
1 macrophages was evaluated by lactate dehydrogenase measurements in two MOIs 
(Figure 1A). C. albicans produced more damage to THP-1 cells in a MOI of 5 than in a 
MOI of 1, as expected. Damage increased over time of incubation at both MOIs. A MOI 
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of 1 was selected due to the lowest observed damage. After MOI selection, phagocytic 
activity was measured. C. albicans cells ingested or associated with macrophages were 
discriminated using differential staining with Oregon green and calcofluor white. THP-1 
macrophages showed an increase in their phagocytic activity over time (from 45 min to 
3 h), almost 70% of Candida cells being engulfed after 3 h of interaction (Figures 1 B 
and C). Taking into account these results and some studies performed before by our 
laboratory, 7-8, 26, 35 a MOI of 1 and the time point of 3 h were the conditions used for the 
quantitative proteomic assay. With these conditions, it was assured that 70% of 
C. albicans cells were engulfed and most macrophages were viable. Macrophage - C. 
albicans co-culture in the selected conditions was visualized by ESEM (Figure 1D). As 
shown, after 3 h of interaction C. albicans cells were already in hypha form and at 
different stages of interaction with the macrophage. 
Quantitative proteomic analysis of macrophage proteins after interaction with 
C. albicans 
A quantitative shotgun proteomic approach using SILAC and LC-MS/MS was used to 
study the changes in the abundance of macrophage proteins enriched after using the 
ActivX desthiobiotin ATP probes upon interaction with C. albicans cells during 3 h at a 
MOI of 1. Protein lysate was enriched in ATP-binding proteins and samples were 
analyzed by LC-MS/MS. Four biological replicates and two technical replicates of each 
were analyzed by MS and a schematic workflow of the experimental procedure is 
reflected in Supplementary Figure 1. A total of 1043 proteins were identified, 
corresponding to 710, 664, 664 and 709 proteins in each replicate, respectively 
(Supplementary Table 1 and Supplementary Figure 2). A total of 547 non-redundant 
proteins were quantified in at least two biological replicates with a SD <0.3 
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(Supplementary Table 2). The molecular functions enriched on the 547 quantified 
proteins were mainly protein binding (271 proteins), nucleotide binding (203 proteins) 
and ATP binding (136 proteins). Furthermore, the total number of quantified proteins 
was enriched in 10 major biological processes, such as gene expression (87 proteins), 
cellular protein metabolic process (76 proteins), and translation (65 proteins). Regarding 
the cellular component, most of the proteins were located in cytoplasm (341 proteins), 
followed by nucleus (205 proteins), and mitochondria (105 proteins) (Supplementary 
Figure 3). 
The macrophage proteins extracted using the ActivX desthiobiotin ATP probes showed 
a very homogeneous abundance ratio. After stratification of protein abundance ratios 
into quantiles according to their distribution upon interaction with C. albicans, we 
found that 4 and 9 proteins had the higher and lower extreme abundance ratios, whereas 
18 and 28 proteins had the higher and lower outlier abundance ratios, respectively 
(Supplementary Figure 4 and Table 1). Out of these 59 differentially abundant proteins, 
12 were annotated as ATP binding proteins. GO term enrichment analysis showed that 
the more abundant proteins were involved in gene expression and RNA metabolic 
process, whereas the less abundant proteins were associated with proteolysis, apoptotic 
processes and endocytosis, among others. Both, the more and less abundant macrophage 
proteins, were related to the same molecular functions, such as protein binding and 
nucleotide binding. Furthermore, the more abundant proteins were associated with RNA 
binding or peroxiredoxin activities, while the less abundant proteins were related to 
ATP binding or peptidase activities. Both the more and less abundant proteins were 
enriched in the cytosol and mitochondrion GO terms (Figure 2). The more abundant 
mitochondrial proteins during interaction included SLC25A24 and PRDX5, which are 
important in the response to oxidative stress36-37. 
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The analysis of known and predicted protein-protein interactions was also performed 
with these 59 differentially abundant macrophage proteins upon C. albicans interaction 
(Figure 3). Forty-five protein-protein associations were found based on known or 
predicted interactions. Different clusters of protein associations were observed. A 
cluster enriched in proteins that were more abundant during C. albicans interaction was 
involved in protein synthesis. The group of proteins that were less abundant was very 
heterogeneous in molecular function GO terms and included a cluster of proteins 
involved in proteolysis and endocytic traffic. Other clusters containing both the more 
and less abundant proteins were related to RNA processing and apoptosis. 
Analysis of the quantified proteins annotated as ATP-binding proteins 
A comparison between all the proteins annotated as ATP binding in Uniprot database 
and the proteins quantified in this study was performed. From the 1482 proteins 
annotated with the ATP binding term, 137 were also present in the 547 proteins 
quantified in this study (Supplementary Table 2). This means that approximately 25% 
of all the quantified proteins were annotated as “ATP-binding”. A list of all ATP 
binding proteins quantified and grouped by protein family is represented in Table 2. 
Among them, 4 proteins (MAP2K2, KSYK, DDX21 and SYCC) were more abundant 
during the interaction, and 8 proteins (PRS10, SYIM, STK3, OAS3, MAP3K2, RTCB, 
NDKA and SRPK1) were less abundant after the interaction. In this group of 
differentially abundant ATP-binding proteins, 6 were kinases (MAP2K2, SYK, STK3, 
MAP3K2, NDKA and SRPK1). The group with more quantified proteins was the 
protein kinase superfamily, with 24 quantified protein kinases (Table 2). GO analysis on 
molecular function showed an over-representation of terms related to ATP binding (like 
nucleotide binding), ATPase activity and kinase activity (Supplementary Table 3). 
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Regarding the GO analysis on cellular component, in addition to cytosol that was 
already expected, an over-representation on terms related to chaperonin-containing T 
complex, proteasome, mitochondria or extracellular vesicles was also observed. 
Concerning the GO analysis on the biological processes, there was an over-
representation in terms such as regulation of protein localization to Cajal bodies (which 
are implicated in mRNA processing),38 tRNA aminoacylation for protein translation, 
protein folding, regulation of protein stability, and positive regulation of cellular 
biosynthetic process. There was also an over-representation on processes related to 
immune response, such as regulation of cellular response to stress and activation of 
innate immune response.
Phosphoproteomic analysis of macrophage proteins after interaction with 
C. albicans 
The fraction enriched in ATP-binding proteins from all 4 biological replicates was 
further subjected to phosphopeptide enrichment. A total of 85 phosphopeptides were 
quantified in at least two biological replicates and with a SD < 0.3 and are listed in 
Supplementary Table 4. In some cases two or more phosphopeptides were quantified for 
the same phosphorylation site (phosphosite). Therefore, 85 phosphopeptides 
corresponding to 70 phosphosites and 56 proteins were quantified. According to the 
phosphorylation probabilities given by the Proteome Discoverer software, the 
phosphosites were considered ambiguous or assigned to a specific amino acid (serine, 
threonine and tyrosine). Sixty-one percent of the phosphosites were phosphorylated in a 
serine and 33% were ambiguous, whereas phosphothreonine and phosphotyrosine were 
less represented (3% each). Out of the 56 phosphoproteins, 25 (approximately 36%) are 
from proteins that were annotated as ATP-binding proteins in UNIPROT database and 
Page 21 of 68
ACS Paragon Plus Environment
Journal of Proteome Research
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
22
12 (21.4%) as kinases. Out of the 85 quantified phosphopeptides, 5 phosphopeptides 
(each one belonging to a single protein) were differentially abundant during 
macrophage interaction with C. albicans (Table 3 and Supplementary Figure 5). From 
this, 2 phosphopeptides belonging to PRKAA1 and CLN6 were more abundant during 
interaction, whereas 3 phosphopeptides belonging to PI4K2A, SRC and PRKCD were 
less abundant. Their mass spectra are shown in Supplementary Figure 6. 
Protein validation 
To confirm the quantitative MS data, Western blot analysis using antibodies to 
MAP2K2, PRDX5 and ERK1/2, and SRM of NDKA were performed. There was a 
significant increase in MAP2K2 (ratio between interaction and macrophages control of 
1.6) and PRDX5 (ratio of 2.1) abundance during macrophage interaction with 
C. albicans cells in line with MS data (Figures 4A and 4B). Because MAP2K2 is a 
kinase that acts upstream ERK1/ERK2 kinases and is important for several cellular 
processes,39 we also validated this protein by Western blotting. No significant 
differences in ERK1/2 abundance upon interaction were detected, confirming our 
proteomic data (Figure 4C). In addition, phosphorylation of ERK1/2 was also evaluated 
and no increase in phosphorylation was observed (Supplementary Figure 7). For SRM 
validation, the correspondent isotopic labelled peptide was ordered, and a calibration 
curve was performed (see Supplementary Figure 8and Supplementary Table 5). The 
quantification of this peptide confirmed the decrease in the amount of NDKA (ratio of 
0.24) (Figure 4D and Supplementary Table 5).
Macrophage cell death mechanisms and pro-inflammatory response
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Apoptosis was one of the biological processes enriched in the group of less abundant 
proteins. A closer look showed an increase in PRDX5, SLC25A24 and ADT2, which 
are anti-apoptotic proteins, and a decrease NDKA, ACTN4 and STK3, which are pro-
apoptotic or anti-survival proteins36, 40-44. In order to functionally validate these results, 
the apoptotic status of THP-1 macrophages after interaction with C. albicans was 
assayed by measuring caspase-3 activation by cleavage. Cells were incubated with 
staurosporine (as a positive control of apoptosis) and with C. albicans cells (at a MOI of 
1 for 3 h). Activated caspase-3 was assayed by Western blotting with cell lysates and a 
band corresponding to the activated caspase 3 was observed in the positive control but 
not in macrophage-C. albicans interaction at 3 h (Figure 5A). As cleaved caspase 3 is a 
hallmark of apoptosis,45 this result suggests that apoptosis was not present in these 
conditions. In congruence with our results, it was previously described by others that 
C. albicans triggers pyroptosis during the first 6 to 8 h of interaction with 
macrophages,46 we checked IL-1β secretion (which is secreted after caspase-1 
activation)47. IL-1β was significantly more secreted in macrophages after interaction 
with C. albicans (Figure 5B). Furthermore, as pyroptosis is an inflammatory mechanism 
of cell death,47 other pro-inflammatory cytokines were evaluated. As depicted in Figures 
5C and 5D, there was more secretion of pro-inflammatory cytokines IL-12p40 and 
TNF-α upon interaction with C. albicans. 
To further predict potential upstream regulators implicated in the macrophage 
inflammatory response, the 59 differentially abundant proteins were also analyzed using 
the IPA software. Fifteen upstream regulators presented an activation z-score between -
2 and 2 and a p-value of overlap < 0.05, which included CD3 complex, cytokines 
(oncostatin M (OSM), IL5 and IL6), proteins (KRAS; VEGFA; MAPK1; ESR1), 
miRNAs (miR-124-3p and miR-21), transcription regulators (MYCN, MYC and TP53), 
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transmembrane receptor CD28 and rapamycin-insensitive companion of mTOR 
(RICTOR) (Figure 6A). The higher or lower z-score showed the higher probability of 
activation or inhibition of the upstream regulator, respectively. The IL-6 gene was 
predicted to be inhibited. This prompted us to assay the secretion of this cytokine at 
different time points (3h, 6h and 8h) of THP-1 macrophage-C. albicans interaction. This 
cytokine was not secreted after interaction with yeast cells (Figure 6B), indicating that 
this gene may not be expressed under these conditions. Due to the recent evidences in 
the implication of miRNAs (miR) in the regulation of innate immune response,48 we 
also evaluated the possible activation miR-21 and miR-124 (two miRNAs that were 
predicted to be activated; Figure 6A). The expression levels of miR-21 and miR-124 
were evaluated together with miR-146 and miR-155 (which are activated after treatment 
with LPS in THP-1 cells24 and also after interaction with heat inactivated C. albicans 
cells49-51). MiR-21 and miR-124 were slightly, but not statistically significant, activated 
after treatment with LPS, and showed no significant activation in response to 
C. albicans (Figures 7A and 7B, respectively). Regarding miR-146 and miR-155, they 
were activated in response to LPS (Figures 7C and 7D, respectively), but also no 
significant activation in response to live C. albicans cells after 3 h and 6 h of interaction 
was observed.
DISCUSSION 
The current approaches to decrease fungal infections are still limited and are mainly 
pathogen-directed therapeutics.52 In this way, the study of the immune response may 
give us new clues on how this pathogen can be killed, and consequently improve the 
currently available therapeutic approaches. Furthermore, increasing efforts are being 
done to develop specific ways to modulate the immune system as new therapeutic 
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strategies.53-54 Macrophages are cells from the innate immune system that play an 
important role in the host response and elimination of pathogens.4 ATP-binding proteins 
are essential in several cellular processes including cell signaling, differentiation 
apoptosis and others.21 Despite this fact, proteomic studies of this group of proteins are 
generally difficult because they are at low abundance in the cell. In this way, we 
decided to perform a selective enrichment in ATP-binding proteins with an ATP probe16 
in order to get more information on this subproteome. Taking advantage of this 
approach, a quantitative proteomic study of human macrophage proteins after 
interaction with C. albicans cells was carried out in this work and allowed the 
quantification of proteins that could be involved in the response to this pathogen. In this 
study, THP-1-derived macrophages were incubated with C. albicans cells during 3 h 
and a MOI of 1. PMA was used for the differentiation of THP-1 monocytes. The up-
regulation of specific genes during the differentiation process might overwhelm mild 
effects of specific stimuli. Nevertheless, this cell line was described to be very close to 
primary human cells and used previously for the study interaction with pathogens.55-59 
At 3 h of interaction, a reduced damage was ensured, so 70% of the macrophages were 
not impaired and around 70% of yeast cells were engulfed by the macrophages. This 
evaluation of human macrophage interaction with C. albicans is in agreement with our 
previous studies with murine macrophage cell lines and was peremptory to select the 
ratio and time of incubation.7, 26
Enrichment in ATP binding macrophage proteins 
In this study, 547 non-redundant macrophage proteins were quantified, approximately 
25% of which were annotated in Uniprot as “ATP-binding” proteins. Proteins that were 
quantified and not annotated as ATP binding proteins could be either proteins that were 
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interacting with the ATP binding proteins or proteins that resulted from unspecific 
binding with the probe. The protein family with more quantified ATP-binding proteins 
was the protein kinase superfamily (with 24 quantified protein kinases). Out of these 24 
protein kinases, 13 proteins were included in the Ser/Thr (STE) protein kinase family. 
The preference to this protein kinase family was previously observed by Lemeer and co-
workers.60 They performed a comparison between two enrichment methods (ATP-
affinity probe and kinobeads). They found a higher number of tyrosine kinases enriched 
with kinobeads, while more kinases from the STE kinase group were enriched with the 
ATP affinity probe. They detailed that small molecules inhibitors immobilized in 
kinobeads were originally developed to target tyrosine kinases, whereas the reaction 
mechanism of the ATP probe was distinct.60
Differentially phosphorylated macrophage peptides after interaction with 
C. albicans
In addition to protein abundance, phosphorylation information can significantly enhance 
our knowledge on the involvement of macrophage ATP-binding proteins in different 
cellular mechanisms during interaction with pathogens. Furthermore, an important 
group of ATP binding proteins include kinases which are known to be highly 
phosphorylated in cell signaling processes where they are implicated.61 Although few 
phosphorylation results were obtained, 5 differentially abundant phosphopeptides were 
found and 4 of them were key kinases in cell signaling pathways. This means that type 
of enrichment in ATP binding proteins, coupled with the new and more potent mass 
spectrometers, can be a useful tool for the study of kinase phosphorylation sites. 
Regarding the more abundant phosphopeptides during macrophage-C. albicans 
interaction, they corresponded to CLN6 and PRKAA1. Neuronal ceroid lipofuscinosis 
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are lysosomal storage disorders and mutation in CLN genes are the cause of this 
disease. Among them, CLN6 is involved in endocytosis of lysosomal proteins.62 
However, little is known about this protein in other contexts. PRKAA1 presented the 
phosphopeptide that showed the highest increase in abundance during macrophage 
interaction. This protein is a sensor of energy status that maintains cellular energy 
homeostasis.63 The phosphorylation of Thr183 is known to activate this kinase.64-65 It 
was previously shown that the activation of this kinase was implicated in phagocytosis 
of both bacteria63 and fungi (like the pathogen Cryptococcus neoformans)65. 
Phosphorylation of AMPKα in Ser487/491 was found to reduce AMPK activity66. In 
this study, the quantified AMPKα phosphopeptide had several possible phosphosites 
assigned: Ser494, Ser496 and Tyr500. A search in Phosphosite Plus® showed that the 
phosphorylation of Ser496 would be responsible for the inhibition of the enzymatic 
activity. However, further studies would be needed to know the cellular effects of this 
phosphopeptide. 
The less abundant phosphopeptides during macrophage C. albicans interaction 
belonged to PRKCD, SRC and PI4K2. PRKCD and SRC are known to be activated 
after macrophage receptor recognition of C. albicans PAMPs.4, 67 During this study, 
both phosphopeptides were found to be less abundant during interaction. SRC was 
found to be less phosphorylated in the activation site (Tyr419) during interaction. Due 
to its implication in several fundamental processes, including cell differentiation, 
proliferation, migration and survival68 in addition to its involvement in the 
inflammatory process,69 deeper analysis and time course experiment would be needed to 
further explain these results. In any case, SRC is one of the primary kinases to be 
activated after receptor engagement, 4 it is plausible that after 3 hours of incubation this 
kinase is no longer phosphorylated, once the signaling cascades are already activated. 
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PI4K2A was previously described to be involved in the correct endocytic traffic.70 
Interestingly, the quantitative proteomic results showed that two proteins implicated in 
endosomal trafficking, RAB7A and TFR1, were less abundant during macrophage 
interaction with C. albicans.71-73 These data together with the fact that our group 
previously supported the model where C. albicans evade trafficking to lytic 
compartments in murine macrophages35 make us hypothesize that also during this 
experiment C. albicans may be modulating phagosome maturation. This phenomenon 
was previously observed during macrophage-Mycobacterium tuberculosis interaction.71-
72 
Mitochondrial proteins and oxidative stress response
In general, the overall quantification of the ATP binding proteins subproteome enriched 
with this method presents slight changes in its abundance upon interaction with 
Candida. This may be due to the pre-activation with PMA needed to differentiate 
monocytes into macrophages. Macrophages are phagocytic cells that produce and 
release reactive oxygen species (ROS) in response to phagocytosis.74 Two 
mitochondrial proteins involved in response to oxidative stress (PRDX5 and 
SLC25A24) were found to be more abundant upon interaction with C. albicans. 
PRDX5, a protein that protects cells from DNA damage and inhibits stress-induced 
apoptosis,40 was previously shown to be more abundant in LPS-treated macrophages.75 
We validated the increase in its abundance using Western blot. SLC25A24 may also 
play a role in protecting cells against oxidative stress-induced cell death.36 Another 
group previously observed significant changes in redox-related proteins implicated in 
oxidative burst in order to kill intracellular mycobacteria. They observed an increase in 
the abundance of several proteins that counteract the effect of oxidative stress. 76 We 
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can hypothesize that the higher abundance of proteins that neutralize the oxidative burst 
may be a host-driving response to protect itself from the ROS production because after 
three hours of interaction Candida cells are already producing hypha which promotes 
phagolysosome rupture. Nevertheless, we may not discard the possibility that it can also 
be a pathogen-driven response (to reduce the production of ROS and decrease the 
killing power of the macrophages). In addition to being of highly importance to ATP 
production and electron transport chain, mitochondria were recently implicated in innate 
and adaptive immunity.77 Knowing this, we took a more careful look to the quantified 
proteins located in the mitochondria. In general terms, we observed an increase in the 
mechanisms that protect cell against oxidative stress as well as transport of ATP to the 
cytoplasm. This behavior is understandable once macrophages increase the amount of 
ROS to kill C. albicans. So, the increase in abundance of these proteins could play a 
role in the phagocyte protection against the produced oxidative stress. Furthermore, the 
higher demand of metabolites and proteins could explain the need of the mitochondria 
to increase the transport of ATP to the cytosol. 
Host proteins involved in mRNA processing and translation
HNRNPCL1, a heterogeneous nuclear ribonucleoprotein, was the protein with the 
highest differential abundance in our study. HNRNPs are operationally defined as 
proteins that bind to RNA78 and are responsible for packing and stabilizing them.79 
Little is known about HNRNPCL1. Nevertheless, HNRNPC was one of the first 
HNRNPs found to be involved in RNA splicing.80 The depletion of these C proteins 
from splicing extracts abolished splicing activity. Thus, we can hypothesize that 
HNRNPCL1, which has a 90.8% identity with HNRNPC, may have a similar role to 
HNRNPC. Interestingly, an increase in the abundance of several HNRNPs was 
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previously observed in THP-1 cells infected with Leishmania parasites.55 String analysis 
showed a cluster of (more and less abundant) proteins involved in RNA processing. 
Further validation and functional studies are necessary to define the role of splicing 
proteins in the macrophage response to C. albicans.
Another group of differentially more abundant proteins were ribosomal proteins 
(RPS26, RPL3, RPL9 and DDX21). A higher abundance of these proteins may be a 
mechanism of the host cells to meet the increasing need of proteins to fight the fungal 
infection. In line with the upregulation of the protein synthesis process, a decrease in the 
abundance of proteins involved in proteolysis (MMP9, LAP3, DPP7 and DLD) was 
observed.
Macrophage cell death and inflammatory response to C. albicans 
We also observed enrichment of proteins related to apoptosis. We found that anti-
apoptotic signals were up-regulated in THP-1 macrophages infected with C. albicans, as 
compared to pro-apoptotic signals. Knowing that caspase-3 is one of the executioners of 
apoptosis, we measured its cleavage by Western blotting and no cleavage of this protein 
was observed after THP-1 macrophage interaction with C. albicans.81 A previous work 
from our research group reported no apoptosis in RAW 264.7 macrophages incubated 
with C. albicans.7 The way by which macrophages activate cell death mechanisms as a 
consequence of uptaking C. albicans cells has been studied previously. Uwamahoro and 
co-workers showed that C. albicans triggers pyroptosis during the first 6 to 8 h of 
interaction.46 In concordance to our results, they observed no evidence of activation of 
caspase-3 by C. albicans early post-infection. More recently, another group suggested 
that neutralization of the phagosome by C. albicans is an important signal in activating 
the macrophage inflammasome.82 The pro-inflammatory cytokine IL-1β is released as a 
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result of C. albicans driven NL3PR inflammasome activation and has been used as a 
measurement of pyroptotic cell death in the immune cell in response to microbial 
pathogens.82-84 An increase of this cytokine was observed after 3 h of interaction with 
C. albicans, suggesting that pyroptosis could be activated in response to C. albicans. 
However, further validation confirming caspase-1-dependent IL-1β release would be 
needed to confirm this phenomenon in this cell line. We were also interested in knowing 
whether other pro-inflammatory cytokines were secreted. Both TNF-α and Il-12 were 
significantly more secreted after 3 h of interaction with C. albicans. This pathogen is 
known to trigger a pro-inflammatory response of the macrophages, including the release 
of these cytokines.85 The IPA software was used to predict upstream regulators of the 
pro-inflammatory response. This analysis is based on prior knowledge of expected 
effects between transcriptional regulators and their target genes that are stored in 
Ingenuity® Knowledge Base (taking into account previously published datasets derived 
from different animal models).86 This analysis suggested 15 potential regulators of gene 
expression for the genes encoding the proteins identified in this. In order to validate 
some of these predictions, we evaluated the secretion of IL-6 and the activation of miR-
21 and miR-124. The analysis performed by IPA presented a negative activation z-score 
of IL-6 and in accordance with this, no secretion of IL-6 was observed. IL-6 is a pro-
inflammatory cytokine and was previously observed not to be secreted after interaction 
with C. albicans.8, 87 Recently, mi-RNAs have been implicated in immune response, 
particularly as post-transcriptional regulators of the inflammatory response. There are 
several mi-RNAs that regulate TLR signaling pathways. Monk and co-workers showed 
that miR-155, miR-146a, miR-146b, miR-125a and miR-455 were upregulated after 
treatment with LPS and after interaction with heat killed C. albicans cells.51 Another 
group was interested in the impact of C. albicans cell morphology (heat killed yeast and 
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hyphal cells) in the differential regulation of host mi-RNAs.50 They suggested that 
dectin-1 may be orchestrating miR-155 up-regulation in a Syk-dependent manner. Since 
our proteomic approach was performed with live C. albicans cells, we investigated the 
differential mi-RNAs regulation upon interaction with live Candida cells. The selected 
mi-RNAs were those predicted to be up-regulated by IPA (miR-21 and miR -124) and 
those found to be induced upon LPS activation and after interaction with heat killed C. 
albicans cells (miR-146 and miR-155).49 Because we used live cells, our time points 
were shorter than others. We found that miR-21 and miR-124 were slightly, but not 
significantly, up-regulated after treatment with LPS. After interaction with C. albicans, 
none of these mi-RNAs were statistically significant upregulated. In our conditions and 
time points, the results were different from the predicted by IPA. Both miR-146 and 
miR-155 were confirmed to be upregulated after macrophage treatment with LPS. This 
was in concordance with the other work where miR-146 was shown to be involved in 
the mechanism of negative feedback regulation of TLR.49 Interestingly, after 
macrophage interaction with live C. albicans cells, no upregulation of these mi-RNAs 
was observed at these time points. Although longer time points would be needed to 
determine whether this behavior is maintained, we can hypothesize that these miR were 
not yet activated because macrophages might need a much higher pro-inflammatory 
response to kill C. albicans, or because this fungus may be inducing a longer pro-
inflammatory response to destroy the macrophage. The inflammatory effect induced by 
live C. albicans cells was previously suggested by our group as virulence trait 
responsible for tissue damage in the host.7, 88 It is important to underscore the need of 
follow-up studies to reveal whether this is a host-driven or pathogen-driven mechanism.
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CONCLUDING REMARKS
The ATP-binding enrichment together with the SILAC proteomic and 
phosphoproteomic approach revealed new insights into the possible remodeling 
processes altered upon macrophage interaction with this human pathogen. A summary 
of these processes is depicted in Figure 8. Interestingly, an increase in the abundance of 
proteins involved in protein synthesis was observed together with an increase in the 
abundance of mitochondrial proteins responsible for macrophage response against 
oxidative stress. Regarding the cell death mechanisms, anti-apoptotic signals were more 
abundant than pro-apoptotic signals, in line with the lack of caspase-3 cleavage during 
interaction. A high pro-inflammatory response of the macrophage was observed, by the 
secretion of TNF-α and IL-12 cytokines together with the lack of activation of some mi-
RNAs involved in the control of the pro-inflammatory response. Phosphorylation 
together with quantitative proteomic results suggested a possible reduction of the 
endosomal trafficking inside the macrophage. This study constitutes a valuable way to 
better understand cellular mechanism of response or readjustments and is important for 
the future development of new therapeutic approaches. 
FIGURE LEGENDS 
Figure 1. THP1 macrophage interaction with C. albicans cells. (A) Lactate 
dehydrogenase cytotoxicity assay to measure the damage of Candida cells in THP1 
macrophages after 3h and 8h of interaction with C. albicans cells and at a MOI of 1 and 
5. (B) Fluorescence microscopy images of THP1 macrophages exposed to labeled 
C. albicans strain SC5314 (Oregon green 488) in green, for 3h. Intracellular and 
external/adhered C. albicans cells were distinguished based on fluorescence after co-
staining with Calcofluor white in blue, which does not enter or stain macrophages. (C) 
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Phagocytic activity of macrophages at different times of interaction. (D) Environmental 
scanning electronic microscopy (ESEM) of macrophage and C. albicans co-culture after 
3h of interaction
Figure 2. Gene Ontology (GO) analysis of the proteins considered differentially 
abundant after macrophage interaction with C. albicans. GO analysis of (A) 
molecular function, (B) biological process and (C) cellular component. 
Figure 3. Predicted protein-protein interacting network using STRING (v10.0). 
Some biological processes (RNA splicing, protein synthesis, proteolysis, endocytic 
traffic and apoptosis) are highlighted in the network, signaling some of the interacting 
proteins that are involved in each process. The network protein–protein interaction p-
value was 5.76e-05. 
Figure 4. Proteomic results validation in both conditions: Mφ (control) and 
Mφ+C. albicans (MOI 1 and 3 h of incubation). Quantification of: (A) MAP2K2, (B) 
PRDX5 and (C) ERK1/2 by Western blotting and (D) NDKA by selected reaction 
monitoring. 
Figure 5. Caspase 3 activation and cytokine secretion measurement. Caspase 
activation was measured by Western blotting (A) and cytokine secretion measured using 
Enzyme-Linked ImmunoSorbent Assay (ELISA): (B) Il-1β, (C) IL-12p40 and (D) TNF-
α secretion in Mφ (control) and Mφ+C. albicans and after treatment with LPS (positive 
control). 
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Figure 6. Upstream-regulators predicted to be implicated in the response to 
C. albicans using Ingenuity® Pathway Analysis (IPA). The upstream regulators 
analysis is based on prior knowledge of expected effects between transcriptional 
regulators and their target genes stored in the IPA. (A) Bar chart of the upstream 
regulators that were predicted, including the activation z-score and p-value of each 
upstream regulator derived from IPA. Cellular validation of some of the upstream 
regulators was performed (B) IL-6 secretion by ELISA.
Figure 7. Expression levels of miRNAs in THP1 macrophages after interaction 
with C. albicans cells. Expression levels of (A) miR-21 and (B) mir-124 that were 
predicted by the IPA and (c) miR-146 and (D) miR-155 that were known to be activated 
after treatment with LPS and were used as controls. 
Figure 8. Schematic overview of macrophage possible remodeling after interaction 
with C. albicans. The differentially abundant proteins, together with the cytokines, are 
color coded with red for more abundant and green for less abundant after macrophage 
interaction with C. albicans. The cytokines and the miR that do not present differences 
after interaction are depicted in grey. The text describes some of the processes 
suggested to be remodeled after interaction.
TABLES
Table 1. List of proteins differentially abundant 3 hours after macrophage-
C. albicans interaction. Proteins are ordered by ratio average inside each category.
UniProt 
Codea
Entry 
Names
Gene 
names Protein Names
a Ratiob Standard Deviationb
Nr 
Replicatesc
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Proteins more abundant after macrophage interaction with C. albicans
RNA processing 
O60812 HNRC1 HNRNPCL1
Heterogeneous 
nuclear 
ribonucleoprotein C-
like 1
1.8 0.218 2
P14678 RSMB SNRPB
Small nuclear 
ribonucleoprotein-
associated proteins 
B and B'
1.5 0.045 3
Q99733 NP1L4 NAP1L4
Nucleosome 
assembly protein 1-
like 4
1.4 0.169 2
Q01081 U2AF1 U2AF1 Splicing factor U2AF 35 kDa subunit 1.3 0.289 2
P09661 RU2A SNRPA1 U2 small nuclear ribonucleoprotein A' 1.2 0.205 2
Q9NR30 DDX21 DDX21 Nucleolar RNA helicase 2 1.2 0.293 2
Structural components of ribosome
P32969 RL9 RPL9 60S ribosomal protein L9 1.4 0.29 4
P62854 RS26 RPS26 40S ribosomal protein S26 1.3 0.166 2
P39023 RL3 RPL3 60S ribosomal protein L3 1.3 0.272 3
Oxidative stress 
P30044 PRDX5 d PRDX5 Peroxiredoxin-5 1.3 0.171 2
Q6NUK1 SCMC1 SLC25A24
Calcium-binding 
mitochondrial carrier 
protein SCaMC-1
1.5 0.175 2
ATP production and transport
O75964 ATP5L ATP5L ATP synthase subunit g 1.3 0.236 3
P05141 ADT2 SLC25A5 ADP/ATP translocase 2 1.2 0.227 4
Immune response and cell signalling
P36507 MP2K2 d MAP2K2
Dual specificity 
mitogen-activated 
protein kinase kinase 
2
1.3 0.067 2
P43405 KSYK SYK Tyrosine-protein kinase SYK 1.2 0.187 2
Metabolism
Q9NRN7 ADPPT AASDHPPT
L-aminoadipate-
semialdehyde 
dehydrogenase-
phosphopantetheinyl 
transferase
1.4 0.075 3
Q8NBX0 SCPDL SCCPDH
Saccharopine 
dehydrogenase-like 
oxidoreductase
1.3 0.066 2
Q9Y617 SERC PSAT1 Phosphoserine aminotransferase 1.3 0.275 2
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Others e
B2RPK0 HGB1A HMGB1P1
Putative high mobility 
group protein B1-like 
1
1.3 0.251 3
P49589 SYCC CARS Cysteine--tRNA ligase 1.2 0.274 2
Q96QR8 PURB PURB
Transcriptional 
activator protein Pur-
beta
1.2 0.285 4
Q9Y6C9 MTCH2 MTCH2 Mitochondrial carrier homolog 2 1.2 0.237 4
Proteins less abundant after macrophage interaction with C. albicans
Proteolysis and peptide degradation
Q9UHL4 DPP2 DPP7 Dipeptidyl peptidase 2 0.8 0.213 3
P14780 MMP9 MMP9 Matrix metalloproteinase-9 0.8 0.22 3
P28838 AMPL LAP3 Cytosol aminopeptidase 0.8 0.237 4
Q96KP4 CNDP2 CNDP2 Cytosolic non-specific dipeptidase 0.8 0.076 2
P09960 LKHA4 LTA4H Leukotriene A-4 hydrolase 0.8 0.284 4
P09622 DLDH DLD Dihydrolipoyl dehydrogenase 0.8 0.163 2
Transport
Q8N5M9 JAGN1 JAGN1 Protein jagunal homolog 1 0.8 0.074 2
P51149 RAB7A RAB7A Ras-related protein Rab-7a 0.8 0.223 2
P84085 ARF5 ARF5 ADP-ribosylation factor 5 0.8 0.162 3
Proteasome components and protein fate
P62333 PRS10 PSMC6 26S protease regulatory subunit 10B 0.9 0.104 3
P28065 PSB9 PSMB9 Proteasome subunit beta type-9 0.8 0.276 2
O94874 UFL1 UFL1 E3 UFM1-protein ligase 1 0.8 0.281 3
P51572 BAP31 BCAP31 B-cell receptor-associated protein 31 0.8 0.127 2
Immune response and cell signalling
Q13188 STK3 STK3 Serine/threonine-protein kinase 3 0.8 0.061 2
Q9Y2U5 M3K2 MAP3K2
Mitogen-activated 
protein kinase kinase 
kinase 2
0.8 0.2 3
P36873 PP1G PPP1CC
Serine/threonine-
protein phosphatase 
PP1-gamma catalytic 
subunit
0.8 0.238 2
P09914 IFIT1 IFIT1
Interferon-induced 
protein with 
tetratricopeptide 
repeats 1
0.8 0.238 4
Q9Y6K5 OAS3 OAS3 2'-5'-oligoadenylate 0.8 0.233 4
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synthase 3
Cytoskeleton components/interactors and regulators
Q15019 SEPT2 SEPT2 Septin-2 0.8 0.003 2
P46940 IQGA1 IQGAP1
Ras GTPase-
activating-like protein 
IQGAP1 
0.8 0.168 3
P20700 LMNB1 LMNB1 Lamin-B1 0.7 0.101 3
O43707 ACTN4 ACTN4 Alpha-actinin-4 0.6 0.096 3
Q68CZ2 TENS3 TNS3 Tensin-3 0.1 0.137 2
Ion transport and uptake
Q13303 KCAB2 KCNAB2
Voltage-gated 
potassium channel 
subunit beta-2
0.8 0.093 2
P27105 STOM STOM
Erythrocyte band 7 
integral membrane 
protein
0.8 0.253 4
P02786 TFR1 TFRC Transferrin receptor protein 1 0.5 0.115 2
RNA processing
Q9Y3I0 RTCB RTCB tRNA-splicing ligase RtcB homolog 0.8 0.087 2
P29692 EF1D EEF1D Elongation factor 1-delta 0.8 0.057 2
Q96SB4 SRPK1 SRPK1 SRSF protein kinase 1 0.7 0.249 2
O43865 SAHH2 AHCYL1 Adenosylhomocysteinase 2 0.7 0.274 2
Nucleoside triphosphates synthesis
P15531 NDKA d NME1 Nucleoside diphosphate kinase A 0.8 0.228 2
P48047 ATPO ATP5O ATP synthase subunit O 0.7 0.098 3
Others e
Q9NSE4 SYIM IARS2 Isoleucine--tRNA ligase 0.9 0.14 3
Q96IJ6 GMPPA GMPPA
Mannose-1-phosphate 
guanyltransferase 
alpha
0.8 0.073 2
Q9NVJ2 ARL8B ARL8B ADP-ribosylation factor-like protein 8B 0.8 0.215 3
Q6S8J3 POTEE POTEE POTE ankyrin domain family member E 0.6 0.089 2
Q01432 AMPD3 AMPD3 AMP deaminase 3 0.5 0.278 4
a Protein name and Uniprot Code according to Uniprot Knowledge base.
b Average abundance ratio from macrophages + C. albicans versus control macrophages and 
respective inter-replicate standard deviation (cut-off in 0.3). 
c  Proteins present in at least two biological replicates were considered and with a standard 
deviation lower than 30% 
d Proteins from this study that were validate by Western blot or SRM 
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e  In this category were included proteins with unknown or putative function and proteins that 
were not possible to include in the others categories
Table 2. List of ATP-binding Proteins quantified. Proteins are ordered by 
alphabetical and by protein family.
Protein Family UniProt Codea
Entry 
name
Gene 
names Protein Name
P17980 PRS6A PSMC3 26S protease regulatory subunit 6A
P35998 PRS7 PSMC2 26S protease regulatory subunit 7
P43686 PRS6B PSMC4 26S protease regulatory subunit 6B
P46459 NSF NSF Vesicle-fusing ATPase
P55072 TERA VCP Transitional endoplasmic reticulum ATPase
P62191 PRS4 PSMC1 26S protease regulatory subunit 4
P62195 PRS8 PSMC5 26S protease regulatory subunit 8
AAA ATPase family
P62333 PRS10 PSMC6 26S protease regulatory subunit 10B b
Q03518 TAP1 TAP1 Antigen peptide transporter 1ABC transporter 
superfamily P61221 ABCE1 ABCE1 ATP-binding cassette sub-family E member 1
P60709 ACTB ACTB Actin. cytoplasmic 1
P68032 ACTC ACTC1 Actin. alpha cardiac muscle 1
P61163 ACTZ ACTR1A Alpha-centractin
P61160 ARP2 ACTR2 Actin-related protein 2
Actin family
P61158 ARP3 ACTR3 Actin-related protein 3
P00568 KAD1 AK1 Adenylate kinase isoenzyme 1Adenylate kinase 
family P30085 KCY CMPK1 UMP-CMP kinase
P06576 ATPB ATP5F1B ATP synthase subunit beta
P25705 ATPA ATP5F1A ATP synthase subunit alphaATPase alpha/beta 
chains family
P38606 VATA ATP6V1A V-type proton ATPase catalytic subunit A
P23381 SYWC WARS Tryptophan-tRNA ligase
P26640 SYVC VARS Valine-tRNA ligase
P47897 SYQ QARS Glutamine-tRNA ligase
P49589 SYCC CARS Cysteine-tRNA ligasec
P54136 SYRC RARS Arginine-tRNA ligase
P54577 SYYC YARS Tyrosine-tRNA ligase
Class-I aminoacyl-
tRNA synthetase 
family
Q9NSE4 SYIM IARS2 Isoleucine-tRNA ligaseb
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Q9P2J5 SYLC LARS Leucine-tRNA ligase
P07814 SYEP EPRS Bifunctional glutamate/proline-tRNA ligase
O43776 SYNC NARS Asparagine-tRNA ligase
P12081 SYHC HARS Histidine-tRNA ligase
P26639 SYTC TARS Threonine-tRNA ligase
P41250 GARS GARS Glycine-tRNA ligase
P49588 SYAC AARS Alanine-tRNA ligase
Q9Y285 SYFA FARSA Phenylalanine-tRNA ligase alpha subunit
P14868 SYDC DARS Aspartate-tRNA ligase
P49591 SYSC SARS Serine-tRNA ligase
Q9H078 CLPB CLPB Caseinolytic peptidase B protein homologClpA/ClpB family
O14656 TOR1A TOR1A Torsin-1A
Q9NR30 DDX21 DDX21 Nucleolar RNA helicase 2 c
O00571 DDX3X DDX3X ATP-dependent RNA helicase DDX3X
P17844 DDX5 DDX5 Probable ATP-dependent RNA helicase DDX5
Q08211 DHX9 DHX9 ATP-dependent RNA helicase A
O43143 DHX15 DHX15 Pre-mRNA-splicing factor ATP-dependent RNA helicase DHX15
Q13838 DX39B DDX39B Spliceosome RNA helicase DDX39B
P38919 IF4A3 EIF4A3 Eukaryotic initiation factor 4A-III
P60842 IF4A1 EIF4A1 Eukaryotic initiation factor 4A-I
DEAD box helicase 
family
Q14240 IF4A2 EIF4A2 Eukaryotic initiation factor 4A-II
P11021 BIP HSPA5 78 kDa glucose-regulated protein
P11142 HSP7C HSPA8 Heat shock cognate 71 kDa protein
P34932 HSP74 HSPA4 Heat shock 70 kDa protein 4
P38646 GRP75 HSPA9 Stress-70 protein
Q92598 HS105 HSPH1 Heat shock protein 105 kDa
Heat shock protein 70 
family
Q9Y4L1 HYOU1 HYOU1 Hypoxia up-regulated protein 1
P07900 HS90A HSP90AA1 Heat shock protein HSP 90-alpha
P08238 HS90B HSP90AB1 Heat shock protein HSP 90-beta
P14625 ENPL HSP90B1 Endoplasmin
Q12931 TRAP1 TRAP1 Heat shock protein 75 kDa
Heat shock protein 90 
family
Q58FF6 H90B4 HSP90AB4P Putative heat shock protein HSP 90-beta 4
P17858 PFKAL PFKL ATP-dependent 6-phosphofructokinasePhosphofructokinase 
type A (PFKA) family Q01813 PFKAP PFKP ATP-dependent 6-phosphofructokinase
P17612 KAPCA PRKACA cAMP-dependent protein kinase catalytic subunit alpha
Protein 
kinase 
superfamily
AGC 
Ser/Thr 
protein 
kinase 
family Q15418 KS6A1 RPS6KA1 Ribosomal protein S6 kinase 
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alpha-1
BUD32 
family Q96S44 PRPK TP53RK TP53-regulating kinase
Q96SB4 SRPK1 SRPK1 SRSF protein kinase 1 b
P49841 GSK3B GSK3B Glycogen synthase kinase-3 beta
P28482 MK01 MAPK1 Mitogen-activated protein kinase 1
CMGC 
Ser/Thr 
protein 
kinase 
family Q16539 MK14 MAPK14 Mitogen-activated protein kinase 14
P19784 CSK22 CSNK2A2 Casein kinase II subunit alpha'
P68400 CSK21 CSNK2A1 Casein kinase II subunit alpha
Ser/Thr 
protein 
kinase 
family P19525 E2AK2 EIF2AK2
Interferon-induced. double-
stranded RNA-activated protein 
kinase
Q9Y2U5 M3K2 MAP3K2 Mitogen-activated protein kinase kinase kinase 2 b
P36507 MP2K2 MAP2K2 Dual specificity mitogen-activated protein kinase kinase 2 c
O94804 STK10 STK10 Serine/threonine-protein kinase 10
O95747 OXSR1 OXSR1 Serine/threonine-protein kinase OSR1
Q13043 STK4 STK4 Serine/threonine-protein kinase 4
Q13177 PAK2 PAK2 Serine/threonine-protein kinase PAK 2
Q13188 STK3 STK3 Serine/threonine-protein kinase 3 b
Q9H2G2 SLK SLK STE20-like serine/threonine-protein kinase
Q9H2K8 TAOK3 TAOK3 Serine/threonine-protein kinase TAO3
STE 
Ser/Thr 
protein 
kinase 
family
Q9Y6E0 STK24 STK24 Serine/threonine-protein kinase 24
Q13418 ILK ILK Integrin-linked protein kinase
TKL 
Ser/Thr 
protein 
kinase 
family Q9NWZ3 IRAK4 IRAK4 Interleukin-1 receptor-associated kinase 4
P41240 CSK CSK Tyrosine-protein kinase CSK
Tyr 
protein 
kinase 
family. 
CSK 
subfamily
P43405 KSYK SYK Tyrosine-protein kinase SYK c
P11908 PRPS2 PRPS2 Ribose-phosphate pyrophosphokinase 2Ribose-phosphate 
pyrophosphokinase 
family P60891 PRPS1 PRPS1 Ribose-phosphate pyrophosphokinase 1
Q9Y3I0 RTCB RTCB tRNA-splicing ligase RtcB homolog b
Q9Y230 RUVB2 RUVBL2 RuvB-like 2RtcB family
Q9Y265 RUVB1 RUVBL1 RuvB-like 1
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Q9P2R7 SUCB1 SUCLA2 Succinate-CoA ligase
Q96I99 SUCB2 SUCLG2 Succinate-CoA ligase
Succinate/malate CoA 
ligase beta subunit 
family P53396 ACLY ACLY ATP-citrate synthase
P17987 TCPA TCP1 T-complex protein 1 subunit alpha
P40227 TCPZ CCT6A T-complex protein 1 subunit zeta
P48643 TCPE CCT5 T-complex protein 1 subunit epsilon
P49368 TCPG CCT3 T-complex protein 1 subunit gamma
P50990 TCPQ CCT8 T-complex protein 1 subunit theta
P50991 TCPD CCT4 T-complex protein 1 subunit delta
P78371 TCPB CCT2 T-complex protein 1 subunit beta
TCP-1 chaperonin 
family
Q99832 TCPH CCT7 T-complex protein 1 subunit eta
A0AVT1 UBA6 UBA6 Ubiquitin-like modifier-activating enzyme 6
P22314 UBA1 UBA1 Ubiquitin-like modifier-activating enzyme 1
Q9UBT2 SAE2 UBA2 SUMO-activating enzyme subunit 2
Q9GZZ9 UBA5 UBA5 Ubiquitin-like modifier-activating enzyme 5
Ubiquitin-activating E1 
family
P61088 UBE2N UBE2N Ubiquitin-conjugating enzyme E2 N
P05165 PCCA PCCA Propionyl-CoA carboxylase alpha chain
P48426 PI42A PIP4K2A Phosphatidylinositol 5-phosphate 4-kinase type-2 alpha
P49915 GUAA GMPS GMP synthase
Q02790 FKBP4 FKBP4 Peptidyl-prolyl cis-trans isomerase FKBP4
Q12905 ILF2 ILF2 Interleukin enhancer-binding factor 2
Q14166 TTL12 TTLL12 Tubulin--tyrosine ligase-like protein 12
Proteins without 
Protein Family 
assigned
Q9UHD1 CHRD1 CHORDC1 Cysteine and histidine-rich domain-containing protein 1
Q9Y6K5 OAS3 OAS3 2'-5'-oligoadenylate synthase 3 b
P00966 ASSY ASS1 Argininosuccinate synthase
O43681 ASNA ASNA1 ATPase ASNA1
O60488 ACSL4 ACSL4 Long-chain-fatty-acid--CoA ligase 4
P16615 AT2A2 ATP2A2 Sarcoplasmic/endoplasmic reticulum calcium ATPase 2
P10809 CH60 HSPD1 60 kDa heat shock protein
P17812 PYRG1 CTPS1 CTP synthase 1
Q13057 COASY COASY Bifunctional coenzyme A synthase
P22102 PUR2 GART Trifunctional purine biosynthetic protein adenosine-3
P00367 DHE3 GLUD1 Glutamate dehydrogenase 1
P54886 P5CS ALDH18A1 Delta-1-pyrroline-5-carboxylate synthase
Other ATP-binding 
Proteins
P19367 HXK1 HK1 Hexokinase-1
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P12956 XRCC6 XRCC6 X-ray repair cross-complementing protein 6
P13010 XRCC5 XRCC5 X-ray repair cross-complementing protein 5
P15531 NDKA NME1 Nucleoside diphosphate kinase A b
P36776 LONM LONP1 Lon protease homolog
Q9NSD9 SYFB FARSB Phenylalanine--tRNA ligase beta subunit
P00558 PGK1 PGK1 Phosphoglycerate kinase 1
P14618 KPYM PKM Pyruvate kinase PKM
P22234 PUR6 PAICS Multifunctional protein ADE2
P11586 C1TC MTHFD1 C-1-tetrahydrofolate synthase
O43615 TIM44 TIMM44
Mitochondrial import inner 
membrane translocase subunit 
TIM44
Q12965 MYO1E MYO1E Unconventional myosin-Ie
Q9NTK5 OLA1 OLA1 Obg-like ATPase 1
a Uniprot Code according to Uniprot Knowledge base. Proteins only with a standard deviation 
lower than 30% and quantified in at least 2 biological replicates.
b Proteins annotated as ATP-binding proteins in Uniprot database that were found in this study 
to be less abundant during macrophage interaction with C. albicans.
c Proteins annotated as ATP-binding proteins in Uniprot database that were found in this study 
to be more abundant during macrophage interaction with C. albicans.
Table 3. List of phosphopeptides differentially abundant after 3 hours of 
macrophage - C. albicans interaction.
UniProt 
Code a
Gene 
names Protein names 
a Phosphopeptide Phosphosite b Ratio c SD c
Q13131 PRKAA1
5'-AMP-activated 
protein kinase 
catalytic subunit 
alpha-1 
SGSVSNYR ambiguous 1.58 0.22
Q9NWW5 CLN6
Ceroid-
lipofuscinosis 
neuronal protein 6 
HGs*VSADEAARd Ser31 1.40 0.29
Q9BTU6 PI4K2A
Phosphatidylinositol 
4-kinase type 2-
alpha
SSSESYTQSFQSr ambiguous 0.70 0.22
P12931 SRC
Proto-oncogene 
tyrosine-protein 
kinase Src 
LIEDNEy*TAR Tyr419 0.69 0.22
Q05655 PRKCD Protein kinase C delta type SDSASSEPVGIYQGFEK ambiguous 0.57 0.06
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a Protein name and Uniprot Code according to Uniprot Knowledge base.
b Phosphosites were considered ambiguous in case PhosphoRS algorithm assigned a localization 
probability lower than 75% or if it was assigned in distinct sites in different biological replicates. 
c Average abundance ratio from macrophages + C. albicans versus control macrophages and respective 
inter-replicate standard deviation (cut-off in 0.3). Only phosphopeptides with a standard deviation lower 
than 30% and quantified in at least 2 biological replicates.
d Asterisk indicates the phosphorylation site and the corresponding aminoacid is in lower case.
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 Figure 1. THP1 macrophage interaction with C. albicans cells. (A) Lactate dehydrogenase cytotoxicity assay 
to measure the damage of Candida cells in THP1 macrophages after 3h and 8h of interaction with C. albicans 
cells and at a MOI of 1 and 5. (B) Fluorescence microscopy images of THP1 macrophages exposed to labeled 
C. albicans strain SC5314 (Oregon green 488) in green, for 3h. Intracellular and external/adhered C. 
albicans cells were distinguished based on fluorescence after co-staining with Calcofluor white in blue, which 
does not enter or stain macrophages. (C) Phagocytic activity of macrophages at different times of 
interaction. (D) Environmental scanning electronic microscopy (ESEM) of macrophage and C. albicans co-
culture after 3h of interaction 
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 Figure 2. Gene Ontology (GO) analysis of the proteins considered differentially abundant after macrophage 
interaction with C. albicans. GO analysis of (A) molecular function, (B) biological process and (C) cellular 
component. 
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 Figure 3. Predicted protein-protein interacting network using STRING (v10.0). Some biological processes 
(RNA splicing, protein synthesis, proteolysis, endocytic traffic and apoptosis) are highlighted in the network, 
signaling some of the interacting proteins that are involved in each process. The network protein–protein 
interaction p-value was 5.76e-05. 
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 Figure 4. Proteomic results validation in both conditions: Mφ (control) and Mφ+C. albicans (MOI 1 and 3 h of 
incubation). Quantification of: (A) MAP2K2, (B) PRDX5 and (C) ERK1/2 by Western blotting and (D) NDKA 
by selected reaction monitoring. 
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 Figure 5. Caspase 3 activation and cytokine secretion measurement. Caspase activation was measured by 
Western blotting (A) and cytokine secretion measured using Enzyme-Linked ImmunoSorbent Assay (ELISA): 
(B) Il-1β, (C) IL-12p40 and (D) TNF-α secretion in Mφ (control) and Mφ+C. albicans and after treatment 
with LPS (positive control). 
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 Figure 6. Upstream-regulators predicted to be implicated in the response to C. albicans using Ingenuity® 
Pathway Analysis (IPA). The upstream regulators analysis is based on prior knowledge of expected effects 
between transcriptional regulators and their target genes stored in the IPA. (A) Bar chart of the upstream 
regulators that were predicted, including the activation z-score and p-value of each upstream regulator 
derived from IPA. Cellular validation of some of the upstream regulators was performed (B) IL-6 secretion 
by ELISA. 
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 Figure 7. Expression levels of miRNAs in THP1 macrophages after interaction with C. albicans cells. 
Expression levels of (A) miR-21 and (B) mir-124 that were predicted by the IPA and (c) miR-146 and (D) 
miR-155 that were known to be activated after treatment with LPS and were used as controls. 
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 Figure 8. Schematic overview of macrophage possible remodeling after interaction with C. albicans. The 
differentially abundant proteins, together with the cytokines, are color coded with red for more abundant 
and green for less abundant after macrophage interaction with C. albicans. The cytokines and the miR that 
do not present differences after interaction are depicted in grey. The text describes some of the processes 
suggested to be remodeled after interaction. 
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